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Abstract 

In a 12-montli inhalation study on rats using room-aged sidestream smoke (RASS. 12 (t g total particulate matter 
lTPM).I) as an experimental surrogate for environmental tobacco smoke (ETS). we investigated differentiation 
changes, i.e. altered cytokeratin ICK) expression, in the epithelial lining at nasal cavity level 1 (NL1) (anterior portion 
of nasal cavity), and their correlation with hisiomorpho logical changes. In addition to conventional histopathoJogieal 
examination, routine paraffin sections were immune histologically stained for various rat CK and evaluated. Chanties 
in CK. expression were observed in the nondliated respiratory epithelium of maxillotnrbinate, lateral wall, and 
misoturbinute: in basal cells, increase of CKI4 and CKIS and decrease of CKI5: in nonciliated columnar cells, 
increase ot CK15 and CK.I9. These CK changes had bistomorphological correlates, i.e. reserve cel! hyperplasia and 
squamous metaplasia. CK expression changes were also seen at sites without htstomorphological changes, e.g. 
enhanced expression of CK14. CK18 in ciliated cells at the dorsal meatus, and CK15 at the septum. Most of the CK 
expression changes seen after 1 year of RASS exposure resembled the changes previously seen after S days of 
exposure. 0 1998 Elsevier Science Ireland Ltd. AH rights reserved. 

Keywords: Environmental tobacco smoke; Respiratory epithelium; Cytoskeleton: Cell differentiation; Immunohisto- 
chemistry; Histopathology 


!. Introduction 

Environmental tobacco smoke (ETS) is a highly 
diluted and aged mixture of sidestream smoke 
(SS) and exhaled mainstream smoke (MS) (First. 


* Corresponding author. 


19S5). It undergoes chemical and physical changes 
in composition due to aging, e.g. by contact with 
various surfaces over time (Eatough et al.. 19S9, 
1990; Voncken et ah, 1994). Major differences in 
concentration, phase distribution, and particle 
size of ETS in comparison to mainstream smoke 
and sidestream smoke have been described in the 
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literature (Baker anti Proctor. 1990: Rodgman. 
1992: Martin et al.. 1997). Room-aged sidestream 
smoke (RASS). which is used by us as an experi¬ 
mental surrogate for ETS. is diluted sidestream 
smoke aged in a controlled environment with 
noninert- surfaces (Voncken et al.. 1994). ETS was 
classified by the US Environmental Protection 
Agency (EPA) as a Class A (known human) car¬ 
cinogen (Environmental Protection Agency, 1992) 
based on epidemiologic data and analogies to 
active cigarette smoking; however, no experimen¬ 
tal data from chronic inhalation studies support¬ 
ing the claimed biological plausibility of this 
classification have been published to date. The 
present paper is part of a 12-month inhalation 
study on rats that addresses the potential progres¬ 
sion or development of histomorphological 
changes in the respiratory tract in combination 
with the investigation of additional mechanistic 
end points (Haussmann et al.. 1998b). The high 
RASS concentration applied in this study (12 ft g 
total particulate matter (TPM),!) is similar to 
concentrations of a different ETS surrogate ap¬ 
plied in short-term and subchronic inhalation 
studies on rats by others (Coggins et a!.. 1992. 
1993: Brown et al.. 1993). However, in compari¬ 
son to real-life ETS concentrations, this RASS 
concentration is exaggerated: Particle mass con¬ 
centrations in smoker-occupied residences showed 
average increases of up to 0.1 u g TPM 1 and in 
restaurants of up to 1 /tg TPM,'I (Environmental 
Protection Agency, 1992). 

In this paper, we report on the use of evtoker- 
atin (CK) expression changes in the epithelial 
lining of the nasal cavity as an end point for 
changes in cell differentiation in a chronic inhala¬ 
tion study. CK intermediate filaments are the 
hallmarks of epithelial differentiation (Franke. 
1993). The expression of various CK polypeptides 
in epithelial cells depends on the organ, the type 
of epithelium, and the differentiation status of the 
individual epithelial cell (for reviews, see Tseng et 
al., 1982; O'Guin et al.. 1987; Sun, I9S9: O’Guin 
et al., 1990; Kartenbeck and Franke, 1993). In 
human diagnostic histopathoiogy. CK expression 
can be regarded as an established marker of neo¬ 
plastic and nonneoplastic lesions (for reviews, see 
Ramaekers et al., 1988; Lane and Alexander, 


1990; Fuchs and Weber. 1994; Micttinen. 1994; 
Nagle. 1994; Schaafsma and Ramaekers. 1994; 
McLean and Lane. 1995). 

In our recently published paper on the use of 
this novel mechanistic end point in an 8-day 
inhalation study, we showed that CK expression 
changes may be a sensitive marker for cellular 
stress response (Schlage et al., 1998b). Short-term 
exposure to RASS resulted in CK expression 
changes which correlated in part with the ob¬ 
served histomorphological changes, i.e. slieht to 
moderate reserve cell hyperplasia and squamous 
metaplasia of the nonciliated respiratory epithe¬ 
lium at nasal cavity level 1 (NL1). Such histo- 
morphologicai changes were shown by us and 
others to be fully reversible in acute and sub¬ 
chronic cigarette smoke inhalation studies (Cog¬ 
gins et al.. 1993; Maples et al.. 1993: Ayres et aL 
1995; Tesfaiazi et al., 1996). It is not known, 
however, svhether there are additional progressive 
histomorphological and CK expression changes 
after 12 months of exposure. Therefore, the objec¬ 
tives of the present investigation were: to deter¬ 
mine ceil differentiation changes, seen as altered 
CK expression, in rat nasal epithelia 1 following 
chronic RASS inhalation: to correlate these 
changes with histomorphological changes: and to 
compare the changes after chronic inhalation with 
the early adaptive changes after short-term 
inhalation. 


2. Materials and methods 

2.1. General remarks 

The present investigation was part of a laraer 
1-vear inhalation study including different con¬ 
centrations and inhalation modes and additional 
mechanistic end points. Details concerning experi¬ 
mental design, animals, RASS generation and an¬ 
alytical characterization, inhalation exposure, and 
histopathological evaluation will be published 
elsewhere (Haussmann et al.. 1998b). 


1 CK expression changes at nasal cavity level 2 (NL2) and In 
the lower respiratory tract will be addressed in a forthcoming 
paper. 
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3.2. Experimental design 

Female rats (eight per group! were whole-body 
exposed to RASS at a concentration of 12 ag 
TPM I or to filtered, conditioned fresh air (sham- 
exposed group) for 12 h.day. 5 days week, for 12 
months. The study was performed in compliance 
with the American Association for Laboratory- 
Animal Science policy on the Humane Care and 
Use of Laboratory Animals (1991). 

2.S. Experimental animals 

A total of 16 female outbred Wistar rats 
(Cr]:{\VT)WU BR). bred under specified patho¬ 
gen-free conditions, were obtained at 5 weeks of 
age from Charles River (Suizfeld. Germany). The 
rats were barrier-maintained in an animal labora¬ 
tory unit with controlled hygienic conditions. 
The rats were housed (two per cage) in stainless 
steel wire mesh cages which were mounted above 
dainless steel excretion pans. The cages were lo¬ 
cated in exposure chambers. 24 cages per cham¬ 
ber. during both exposure and nonexposure 
periods. Temperature was maintained at 22 — 
1°C. relative humidity at 62 + 9%. The light.dark 
cycle was 10 and 14 h starting at 7:00 am. Water 
from sterilized drinking bottles and autoclaved, 
fortified diet (Eggersmann KG. Rtnteln. FRG) 
were provided ad libitum, but not during expo- 
lire. The laboratory air was filtered (Class S) 
and conditioned. Results of the chemical analysis 
of the food and water were in compliance with 
the NTP guidelines National Toxicology Pro¬ 
gram (1991). 

2.4. FL-lSS generation and inhalation exposure 

Fresh sidestream smoke (University of Ken¬ 
tucky standard reference cigarette 1R4F, 
iNBIFO 30-port smoking machine) was diluted 
with conditioned, fresh air and continuously con¬ 
veyed into an aging room (2 air changes per h, 
mean RASS age 30 min) with noninert surfaces 
as previously described (Vonckert et al., 1994: 
Haussmann et ah. 1998a). During nonexposure 
periods, fresh air was circulated through the 
room. 


RASS was drawn from the aging room (vol¬ 
ume 25 nr’) through the whole body exposure 
chamber (volume approximately 0.8 m''). Two 
groups of eight female rats were exposed to 
filtered, conditioned air (sham exposed control 
group) or to RASS having the following mean 
concentrations: TPM 1 1.9 + 0.6 ug.-l, carbon 
monoxide 51—2 ppm. nicotine 1.95 + 0.57 pg I. 

2.5. Necropsy ami histopathology 

The rats were killed by e.xsanguination via the 
abdominal aorta and vena cava under deep pen¬ 
tobarbital anaesthesia. The nasal cavity was pre¬ 
pared as described (Young, 198i), fixed with 
buffered formalin solution and decalcified in 5% 
nitric acid. It was then trimmed to obtain a slice 
at the defined cross-sectional level, nasal cavity 
level l. immediately posterior to the upper in¬ 
cisor teeth (Young, 1981), dehydrated and em¬ 
bedded in Paraplast. Approximately 15 serial 
sections at 5 //m thickness were obtained and 
mounted on adhesive slides (Super-Frost Plus. 
Menzel Glas. Braunschweig, FRG). The first sec¬ 
tion of each series was stained with hematoxylin 
and eosin (HE), and the second with alcian blue* 
periodic acid Scruff's reagent (AB PAS), for 
histopathologica! examination. The other sections 
of the senes were used for immunostaining with 
the various antibodies. All histopathological 
slides were read by a veterinary pathologist. All 
pathological findings were scored according to a 
defined severity scale from 0 (no visible effects) 
to 5 (marked effects) (see Table 2). Mean sever¬ 
ity scores were calculated based on ail rats in a 
group. 

2.6. fmtmtnoh is to logical procedures and evaluation 

Details of the immunostaining procedure and 
the individual scoring have been published 
(Schlage et al., 1996, 1998a). In brief, the 
paraffin sections were dewaxed and tmmunos- 
tained following antigen retrieval by protease or 
microwave treatment using an antibody panel 
with defined specificity for rat CK (Table 1). In a 
modification of our previously published method, 
the slides were stained using immunochemicals of 
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Table I 

Antiboih pst no I lor the detection c( :tu ouoker turns :ii para inn <001 ion > 


Name 

Supplier 

Specificity 


Dilution 

Lnm asking 



Hyman CK lal 

Rat CK lb) 



Ks IS. 1)4 

Prosen 

IS 

18 

1 : 2 (KI 0 

Protease 

LL 002 

BioGenex 

;4 

14 

[.1000 

Microwave 

CK.-E3 

Sigma 

1 ~ 

19 

1:4000 

Protease 

Ks [j. i 

Progcn 

13. 1 I-U 61 

13. (15) 

1:50 

Protease 

Ks 8.12 

Sigma 

13. (iil. 16 

15. 15 

1:50 

Protease 

6 B 10 

Sigma 

a 

4 

1:100 

Microwave 

Ks S.60 

Sigma 

(ll. 10 . II 

1 . 10 11 (cl 

1:1000 (d! 

Microwave 

OV-TL12.30 

BioGenex 

7 

7 

1:6000 

Protease 

PCK 26 

Sigma 

1 , 5. 6 . 3 

1. 5. 6 . A 

1:5000 

Various lei 


Remarks: (a) as given by supplier and literature: <b) as determined by immunobloiting; (cj 10-11: without 2D electrophoresis, it was 
impossible to distinguish between Civil) and CK.ll: (d) affinity purified; (el performs equally well with protease and microwave. 


the Optimized Staining System (Dako, Hamburg. 
FRG), which were originally designed for machine 
staining. Due to the higher sensitivity obtained, it 
was necessary to readjust the dilution ratios of the 
CK antibodies {Table 1). For evaluation, the ep- 
ithelia present on the slides were divided into 
defined evaluation compartments (Figs. 1 and 2. 
Table 3) and individual scores were given for each 
distinguishable cell type within each compartment, 
by using 4-stage scores for the staining intensitv and 
the relative distribution of the stained versus the 
unstained cells of this type (Schlage et ah. 1996). 

All immunohistological evaluations were re¬ 
viewed by a veterinary pathologist. For the statis¬ 
tical comparison between the RASS-exposed and 
the sham-exposed group, the generalized Cochran- 
Mantel-Haenszcl tesL (Koch and Edwards. 1988) 
was used: the score values for intensity and distri¬ 
bution were tested separately and in combination. 
The staining of metaplastic cells was evaluated 
separately; a statistical comparison was not done 
(lack of metaplasia in untreated control rats). In the 
present publication, only the statistically significant 
CK staining differences between RASS-exposed 
and control rats are shown. For the complete CK 
expression pattern in the rat nasal cavity, refer to 
our previously published papers (Schlage et ah. 
1996. 199Sa). Micro photographic images were 
recorded using a 12 inch 3-chip CCD video camera 
(Sony DXC930P) and digitized using the Kontron 
KS300 image analysis system (Zeiss. Jena). 


3. Results and discussion 

3.1. CK expression changes with 
h isi a morpho log tat l correlates 

The histopathological examination of the HE- 
stained sections revealed in ail exposed rats slight 
or slight.moderate reserve cell hyperplasia and in 
five of eight rats slight or slight moderate 
squamous metaplasia of the nonciliated respira¬ 
tory epithelium (Table 2). In one exposed rat. 
moderate goblet cel! hyperplasia was diagnosed in 
the respiratory epithelium of the septum. In the 
epithelial areas with these histomorphological 
changes, i.e. maxilloturbinate. lateral wall, and 
nasoturbmate. wc observed statistically significant 
CK expression changes for CK7, CK14, CK15. 
CKI8. CK19 as shown in Table 3 (shaded area). 
In the basal cells, staining was increased for CK14 
and CK18 and decreased for CK19. In the noncil¬ 
iated cells without squamous metaplasia, staining 
was increased for CK.14, CK.I8, and CSC19 and 
decreased for CK7. In metaplastic cells, CK15 
was frequently expressed; CK14 and CK19 less 
frequently and only focallv; and CKl, 10/11, 
CK7. CK13, and CK18 locally in single rats only. 
In bronchial and other pseudostratified epithelia, 
e.g. prostate (Hsieh et al., 1992), CK15 is nor¬ 
mally expressed in basal cells (reviewed by Schaaf- 
sma and Ramaekers, 1994). Its enhanced and 
suprabasal expression in squamous metaplastic 
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Tabic - 


HiStopiUholosicai 

: i n ii i n as < i’req uency 

per croup ujid 

mean >corei .it MX following 

exposure to RASS ! 

or 1 year 

Finding 


Reserve c 

:il hyperplasia 

Squamous metaplasia 



Frequency {%) 



Severity 

Score 

Sham 

RASS 

Sham 

RASS 

None 

i) 

100 (100) 

0 (0) ■ 

100 11001 

37.5 (Or 

Sliaht 

1 

0 d>) 

12.5 ;0) 

0 lO) 

25.0 (0) 

Slisht muderiue 

2 

0 (0) 

S7.5 1. 100) 

1) (0) 

37.5 1100) 

Moderate 

3 

0 (0) 

0 (0) 

0 r () t 

0 (0) 

Moderate marked 

4 

0 (0) 

0 (01 

0 10) 

0 (0) 

Marked 

5 

0 (0) 

0 (0) 

0 (0) 

0 (0) 

Mean score 


0 (0) 

1.9 C.0) 

0 (0) 

1.0 (2.0) 


Remarks: results for SD exposure in parenthesis 


epithelium and in intraepithelial neoplastic lesions 
has been reported for human tracheobronchial 
(Leube and Rustad. 1991), mammary (Wetzels et 
al., 1991), and cervical epithelium (Smedts et al., 
1993). The suprabasal 'metaplastic staining pat¬ 
terns found for CK1S and CKI9 at NLi are also 
similar to those observed in human tra¬ 
cheobronchial squamous metaplasia (Leube and 
Rustad, 19911. whereas these authors reported 
abundant expression of CK4 and CK.13 (not seen 
at NLi) and no expression of CK.7 and CKJ4 
(focal at NLI). 

3.2. CK expression changes without 

hLstoniorphological correlates 

Additional CK expression changes were seen in 
epithelial areas without visible histomorphological 
(HE-stainina) changes (Table 3). in the ventral 
meatus, staining was decreased for CK13 in 
suprabasal cells of the stratified squamous epithe¬ 
lium and increased for CK19 in the transitional 
epithelial cells which were frequently seen as a 
small group of euboidal, nonciliated cells between 
the squamous epithelium of the ventral meatus 
and the ciliated epithelium at the base of maxillo- 
turbinate. CK expression was also changed in the 
ciliated respiratory epithelium: in the ventral part 
of the septum and the base of maxilioturbinate. 
the staining of basal cells was increased for CK7 
and decreased for CK15. In the middle part of the 
septum, the staining of basal cells was decreased 


for both CK7 and CK15. w-hile staining of ciliated 
cells for CKL5 was increased, in the dorsal part of 
the septum and the ciliated epithelium lining the 
media! aspect of the nasoturbinate. staining of 
basal cells was increased for CK.7 and CK18. and 
staining of ciliated cells was increased for CK14 
and CK18. In cells of the stratified squamous 
epithelium, which was not always present in the 
nasolacrimal duet, decreased staining was seen tor 
CK14. The staining for CK4 was negative in all 
nasa! cavity epithelia of RA$S-exposed and con¬ 
trol rats. 

3.3. Long-term versus short-term exposure 

The histomorphological changes seen in the 
nonciliated respiratory epithelium at NLI after I 
year of RASS exposure in comparison to those 
seen after 8 days of exposure (Table 2) were 
similar in localization and severity, particularly 
with regard to reserve cell hyperplasia. For 
squamous metaplasia, the mean score was slightly 
lower after 1 year: 1.0 for 1 year and 2.0 for 8 
days. The site and severity of our histomorpho¬ 
logical findings is consistent with the published 
data on the effects of short-term exposure to a 
different ETS model at comparable TPM concen¬ 
trations (Coggins et al.. 1992. 1993; Brown et al., 
1995). It has been demonstrated that such histo¬ 
morphological changes are fully reversible even 
after subchronic inhalation {Coggins et al., 1993: 
Teredesai and Priihs, 1994: Ayres et al.. 1995; 
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Haussmunn et al.. i998ai or after inhalation 
exposure to mainstream smoke at concentra¬ 
tions as high as 250 mg TPM m' (Maples et 
al.. 1993: Tesfaigzi et al.. 1996 1 . These changes 
can. therefore, be regarded as adaptive re¬ 
sponses to irritant stress (Burger et al.. 1989: 
VViisehi et al.. 1995). Whether these changes are 
also reversible after chronic exposure to RASS 
has not yet been demonstrated. 

The pattern of CK expression changes con¬ 
comitant with reserve cell hyperplasia and 
squamous metaplasia in the nonciliated respira¬ 
tory epithelium after 1 year of RASS inhalation 
largely paralleled our results from the S-dav in¬ 
halation study for the basal cel! markers CK14 
and CK15. and for the comtfied squamous ep¬ 
ithelial marker CK.1. 10.11. The following dif¬ 
ferences between short-term and long-term 
inhalation were seen: expression of the ’simple 
epithelial' marker CK18 in basal cells of the 
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Fig. I. Evaluation areas at nasal cavity, level I. A. ventral 
meatus: B. vomeronasal organ: C. respiratory region, lower 
part (septum, maxilloturbinate); D. respiratory region, middle 
part (septum, maxilloturbinate, lateral wall): E. respiratory 
region, upper part (lateral wall, nasoturbinate. septum): F, 
submucosal glands: G. nasolacrimal duct. 



Fig. CK expression m squamous metaplasia of the noncili- 


aied respiratory epithelium, (a) CK 19. nasoturbinate CK 14. ( 

lateral wall: (bl CK 14. maxilloturbinate: (e) CK 15, maxillo¬ 
turbinate (same site as bl. The dots in the diagram (upper left) 
indicate the localization of the image fields. Bar. 10 /im. 


lateral wall and nasoturbinate was decreased af¬ 
ter short-term inhalation: but after chronic in¬ 
halation it was increased and also expressed in 
metaplastic cells. The decreased staining for 
CK19 in basal cells of the maxilloturbinate and 
lateral wall and its increased staining in the 
nonciliated cells of the nasoturbinate after 1 
year was not seen after 8 days. Unique to the 
1-year inhalation was also the focal expression 
of the ‘noncomified squamous epithelial’ 
marker, CK!3, and of the ‘simple epithelial’ 
markers CK7, OKI 8. and CK19, mostly in iso- ! 

lated metapiastic cells (except CK19). With re- i 

gard to the adnexes of the nasal cavity, the i 

enhanced CK.19 expression in basal cells of the : 
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lacrimal 
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duct 
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Remarks: siaiistically significant differences between RASS and slia in exposed rats (C'MIl-iest): ]. <0.05; J [, [): A<().0l. (a) Siaining uf cells in miu.iiiiuiis 

metaplasia; cell type not present in unexposed control rats. Slttuleil. changes with liislupathological correlates. tb.ve.v, changes corresponding to iim.sc- aiur g.Uay 
inhalation period. Brackets', changes observed alter 8-day inhalation pciiod only. 
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nonscnsory epithelium seen after 3 dins of inhala¬ 
tion was not observed after ! year; also not 
observed was the short-term exposure related de¬ 
crease in CK7 in squamous ceils of the naso¬ 
lacrimal duct, however, a decrease in CK14 in 
these cells was seen after chronic inhalation. 

With regard to epithelial compartments without 
histomorphologica! changes, the decreased stain- 
ins; for CK.13 in suprabasal cells of the stratified 
squamous epithelium of the ventral meatus after 1 
year of exposure parallels that observed after 8 
days. The same holds true for CK.15 in the basal 
cells of the ciliated respiratory epithelium of the 
nasal septum and the base of the maxillotur- 
binate. The increase of CK.14 and CK15 in cili¬ 
ated cells and of CK18 in basal and ciliated cells 
at the septum, however, was seen after chronic 
inhalation only. The changes in CK7 in the basal 
cells of the ciliated epithelium of the septum and 
in CK19 in the transitional epithelium of the 
ventral meatus were also observed at N'Ll after 
chronic inhalation only. 

3.4. Summary, conclusion, and outlook 

Following RASS inhalation for one year, a 
variety of CK expression changes were seen that 
correlated in part with typical histomorphologica! 
changes, i.e. reserve cel! hyperplasia and 
squamous metaplasia of the nonciliated respira¬ 
tory epithelium in the anterior rat nasal cavity. 
CK expression changes were also seen in epithelial 
compartments without detectable histomorpho- 
logical changes, e.g. In the ciliated respiratory 
epithelium. With minor exceptions, all the CK 
expression changes seen after 8 days of inhalation 
persisted in the 1 year inhalation study. In addi¬ 
tion to the changes seen after 8-day exposure, 
enhanced CK expression was seen notably for 
CK18 in basal cells and for CK7, CK13, CK1S, 
CK19 in metaplastic cells of the nonciliated res¬ 
piratory epithelium and for CK14. CK15. and 
CK18 in cells of the ciliated respiratory 
epithelium. 

[n conclusion, these results show the usefulness 
of CK expression changes as a sensitive end point 
for altered epithelial cell differentiation in inhala¬ 
tion studies, Most of the CK expression changes 


seen in the early adaptive phase after short-term 
inhalation were also observed after chronic in¬ 
halation. Moreover, additional CK expression 
changes were seen after chronic inhalation, al¬ 
though the severity and frequency of histo- 
morphological changes was decreased rather than 
increased, Whether these CK expression changes 
arc fully reversible or can serve as intermediate 
biomarkers (Henderson. 1995) for irreversible 
changes in the respiratory epithelium, can only be 
addressed in a prolonged ( > 1 year) chronic in¬ 
halation study including a recovery period. 
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